Introduction
============

Lung cancer is one of the commonest types of cancer diagnosed worldwide, with a high incidence and mortality rate ([@b1-or-42-01-0067],[@b2-or-42-01-0067]). Non-small cell lung cancers (NSCLCs), which include lung adenocarcinomas and squamous cell carcinomas of the lung, account for approximately 85% of all lung cancers ([@b3-or-42-01-0067]), with lung adenocarcinoma being the predominant histological subtype. Despite the recent development of personalized treatments for lung adenocarcinoma, it has a poor 5-year survival rate (\<15%) due to the highly invasive nature of its tumors, which readily metastasize ([@b1-or-42-01-0067]--[@b4-or-42-01-0067]). Understanding the molecular mechanisms of invasion and migration of lung adenocarcinoma is essential to the discovery of novel therapeutic targets and for improving early detection and treatment of the disease.

Carboxyl-terminal binding protein 1 (CtBP1) is an important member of the CtBP protein family that has recently been reported to bind to and modulate the activities of transcription factors such as BKLF, ZEB and EVI-1 ([@b5-or-42-01-0067]). Accumulating evidence has strongly implicated CtBP1 in cancer progression ([@b6-or-42-01-0067]--[@b10-or-42-01-0067]). In particular, it was shown to be upregulated in hepatocellular carcinoma (HCC) and to promote epithelial-mesenchymal transition (EMT) by repressing the expression of E-cadherin ([@b7-or-42-01-0067]). Furthermore, it has been observed that the expression of CtBP1 was increased in human glioma tissues and positively correlated with glioma cell migration ([@b10-or-42-01-0067]). In prostate cancer, expression of CtBP1 was reported to be markedly higher in metastatic prostate cancer tissues than in normal healthy tissues, and knockdown of CtBP1 caused inhibition of tumor cell proliferation and invasion ([@b6-or-42-01-0067],[@b8-or-42-01-0067]). Furthermore, CtBP1 overexpression in breast cancer has been linked to malignant cell behavior, including increased cell survival, proliferation, migration, invasion and drug resistance ([@b9-or-42-01-0067]). These characteristics have made therapeutic targeting of CtBP1 an attractive concept in cancer research. However, the expression pattern and functions of CtBP1 in lung adenocarcinoma have not yet been determined.

In this study, we examined the expression patterns of CtBP1 in human lung adenocarcinoma cells and characterized its role in disease progression. We found that CtBP1 was overexpressed in lung adenocarcinoma tissues compared with that noted in the normal healthy tissues, and was strongly associated with clinical parameters of disease and with a poor overall survival rate. Knockdown of CtBP1 in lung adenocarcinoma cells was observed to inhibit their proliferation, migration and invasion *in vitro*, and to inhibit tumor growth *in vivo*. Our findings demonstrated that the mechanism of effect by which CtBP1 promotes cell proliferation, migration and invasion is through its interaction with the transcription factor SOX2. Furthermore, higher SOX2 and FGFR1 expression levels were correlated with poor overall survival rates in patients with lung adenocarcinoma. Taken together, our findings indicate that CtBP1 plays a critical role in lung adenocarcinoma progression and may serve as a viable therapeutic target. Increased expression of CtBP1 and SOX2 may be used as prognostic biomarkers for lung adenocarcinoma.

Materials and methods
=====================

### Patients and samples

The study was approved and supervised by the Research Ethics Committee of the Affiliated Hospital of Nantong Unversity (Nantong, China). Written informed consent was obtained from all study participants. Lung adenocarcinoma tissues were obtained from 275 patients undergoing primary surgical resection for lung adenocarcinoma at the Affiliated Hospital of Nantong Medical University (Nantong, China) between January 2011 and December 2016. Follow-up information was obtained by reviewing patients\' medical records. None of the included patients had received radiotherapy or chemotherapy before surgical resection. All tissue samples were frozen immediately in liquid nitrogen and stored at −80°C until further use.

### Immunohistochemistry

For immunohistochemistry, paraffin-embedded tissue sections were deparaffinized in 100% xylene for 20 min at room temperature, and rehydrated in graded 100, 90, 70 and 50% ethyl alcohol for 10 min, respectively at room temperature. Endogenous peroxidase activity was blocked with 3% H~2~O~2~ for 10 min at room temperature. Antigen retrieval was conducted by immersing slides in citrate buffer (10 mM, pH 6.0) for 20 min in a 96°C waterbath. Non-specific immunoglobulin binding was blocked using 1.5% goat serum (dilution 1:100; cat. no. ZLI-9022; Beijing OriGene Technologies, Inc., Beijing, China) in phosphate-buffered saline (PBS) for 30 min at room temperature. Slides were incubated overnight at 4°C with rabbit polyclonal antibody against human CtBP1 antibody (dilution 1:100; cat. no. ab129181; Abcam, Cambridge, MA, USA). After washing with PBS three times, specimens were treated with peroxidase-labelled polymer conjugated to goat anti-rabbit immunoglobulins (dilution 1:1,000; cat. no. ab6721; Abcam) in Tris-HCl buffer at room temperature for 30 min. Signals were visualized with diaminobenzidine (DAB) and slides were counterstained with hematoxylin. For negative controls, the primary antibody was substituted with PBS. The expression levels of CtBP1 and SOX2 in the processed tissue samples were measured independently by two pathologists who were blinded to the clinical data. In each case, the extent (percentage) of reactivity within the cytoplasm and nucleus of the cells was scored as follows: 0 (no positive cells), 1 (\<25% positive cells), 2 (25--50% positive cells) and 3 (\>50% positive cells). The staining intensity was graded as 0 (no staining), 1 (light yellow, weak staining), 2 (yellow brown, moderate staining), 3 (brown, strong staining). Cytoplasmic and nuclear expression scores were obtained by multiplying together the obtained reactivity and intensity values. Scores of ≥6 were classified as high expression and those of \<6 were classified as low expression.

### Cell lines and cell culture

Human lung cancer cell line A549 was purchased from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 ng/ml streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.) in humidified air at 37°C with 5% CO~2~.

### Plasmids and transfection

RNA interference sequences of CtBP1 and SOX2 were designed according to the CtBP1 and SOX2 gene sequences. The sequences were cloned into the lentivirus vector PLL3.7. Full-length CtBP1 and SOX2 complementary DNA was amplified and cloned into pcDNA3.1 cloning vector. All constructs were confirmed by direct DNA sequencing. For transfection, cells were seeded in culture plates, grown to 50--80 % confluency and transfected with the plasmids using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol.

### Construction of stable cell lines

A549 cells in an exponential growth phase were seeded (5×10^6^ cells) a day before transfection. The medium was then changed with fresh medium 2 h before transfection. Transfection was performed using TurboFect reagent (Thermo Fisher Scientific, Inc.) based on the manufacturer\'s instruction. The transfected cells were grown in a non-selective medium for 48 h. Subsequently, the cells were exposed to 1 µg/ml puromycin (Gibco; Thermo Fisher Scientific, Inc.) for 21 days. Puromycin-resistant clones were randomly chosen, and cultured in separate flasks containing medium supplemented with 1 µg/ml puromycin. The resistant clones were considered as stable transfected cell lines. The A549 cell line which was left untreated, served as the negative control.

### Co-immunoprecipitation

Protein G and protein A Sepharose beads (cat. no. sc-2003; Santa Cruz Biotechnology, Dallas, TX, USA) were used for immunoprecipitation. The beads were washed three times in washing buffer and incubated at 4°C with 1 µg Rb anti-CtBP1 antibody (dilution 1:100; cat. no. ab129181; Abcam) and 1 µg Rb anti-SOX2 antibody (dilution 1:100; cat. no. ab97959; Abcam) for 4 h. Beads were then washed three times with buffer and the antibody-bound beads were incubated overnight with 1 mg protein per sample. Unbound protein was removed in a final wash step. The beads were mixed with sample in buffer at a ratio of 1:1 and western blotting was then performed.

### Western blotting

Total protein was extracted from cells using ice-cold RIPA lysis buffer containing 1% phenylmethane sulfonyl fluoride (PMSF) and complete protease inhibitor cocktail (Beyotime Institute of Biotechnology, Haimen, China). Protein concentration was determined using the Bio-Rad Protein Assay (cat. no. 5000002; Bio-Rad Laboratories, Hercules, CA, USA), which is based on the Bradford dye-binding method. Total protein (40 µg/lane) were separated by 10% SDS-PAGE and transferred to polyvinylidine difluoride (PVDF) membranes. Membranes were blocked in 5% non-fat milk for 1 h at room temperature and then incubated with the diluted primary antibodies (rabbit monoclonal anti-CtBP1 antibody; dilution 1:5,000; cat. no. ab129181; rabbit polyclonal anti-SOX2 antibody, dilution 1;1,000; cat. no. ab97959; mouse monoclonal anti-GAPDH antibody; dilution 1:8,000; cat. no. ab8245; Abcam) in Tris-buffered saline with Tween-20 (TBST) at 4°C overnight, followed by binding with peroxidase labeled secondary antibodies (goat anti-rabbit IgG H&L (HRP), dilution 1:6,000; cat. no. ab6721; goat anti-mouse IgG H&L (HRP), dilution 1:8,000; cat. no. ab6785; all from Abcam) for 1 h at room temperature. Membranes were then rinsed with TBST buffer three times for 10 min each time and target proteins were detected using ECL reagent (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. The relative optical density of the bands of interest was analyzed using ImageJ v1.48 software (National Institutes of Health, Bethesda, MD, USA).

### Cell proliferation assay

Cell proliferation was measured by the MTT assay. Briefly, cells transfected with different shRNAs were seeded onto 96-well plates in triplicate wells (3×10^3^ cells/well) and cell proliferation was determined 72 h later. For this purpose, MTT solution (5 mg/ml in PBS) was added to each well, plates were then incubated at 37°C for 4 h after which the medium was removed and 150 µl dimethyl sulfoxide (DMSO) was added to each well. The absorbance of each well was subsequently measured at 570 nm using an automated microplate reader (Multiskan FC; Thermo Fisher Scientific, Inc.).

### Cell apoptosis assay

Cell apoptosis was evaluated by flow cytometry using an Annexin-V-FITC Apoptosis Detection kit (BD Bioscience, Franklin Lakes, NJ, USA) according to the manufacturer\'s instructions. Briefly, cells were harvested and washed twice in PBS and resuspended in 500 µl of binding buffer. Aliquots (5 µl) of Annexin-V-FITC and propidium iodide (PI) were then added to the cells and mixed gently, before incubating in the dark for 15 min at room temperature to allow staining to occur. Cells were then analyzed immediately by flow cytometry and data were analyzed using FlowJo software version 10.0 (Tree Star., Inc., Ashland, OR, USA).

### Cell migration assay

Cell migration was measured by the wound closure assay. Cells transfected with different shRNAs or plasmids and shRNAs were plated on to a 6-well plate. Approximately 48 h later, when cells were 95--100 % confluent, cells were incubated overnight in DMEM supplemented with 0.1% (w/v) bovine serum albumin solution (BSA). Wounding was performed by scraping through the cell monolayer with a 10-ml pipette tip. Cells that were suspended in medium and non-adherent cells were removed, and the remaining cells were washed twice with PBS before adding new medium. Cells were permitted to migrate into the area of clearing for 24 h. Wound closure was monitored by visual examination under an inverted Leica microscope (Leica DM2500; Leica Microsystems, Wetzlar, Germany) with a 100× objective.

### Cell invasion assay

The invasive capability of cells was determined by using Matrigel-coated (dilution 1:3; cat. no. 354234; BD Biosciences) invasion chambers with a pore size of 0.8-mm (BD Biosciences). A single-cell suspension containing 1×10^5^ cells was added to the inner chamber. After 24 h of incubation at 37°C in 5% CO~2~, cells on the upper surface of the inner chamber were removed with cotton swabs. Invaded cells that had adhered on to the lower surface of the membrane were fixed with 100% ice-cold methanol for 30 min at room temperature, and stained with 5% crystal violet for 15 min at room temperature. The cells were counted by Leica microscope (Leica DM2500; Leica Microsystems) from each chamber. A total of 5 fields of view were counted.

### Animal experiments

Six- to eight-week-old male immunodeficient nu/nu mice weighting 18--22 g (Laborator Animal Center of Nantong University) were used for the development of a patient-derived tumor xenograft (PDTX) model, in accordance with the guidelines approved by Institutional Animal Care and Use Committees of Nantong Medical University (Assurance no. 20170105001). The mice were housed under specific pathogen-free conditions (temperature 25±10°C and relative humidity 60±10%) with a 12-h light/dark cycle and autoclaved food/water were provided freely. The protocol was established by Dr Guohong Hu, Professor of University of Chinese Academy of Sciences (Shanghai, China) (PMID: 28916653 doi: 10.1158/0008-5472. CAN-17-0449). Fresh surgical tumor tissues (F0) from four patients (patient 1 to patient 4) were collected immediately after surgery at the Affiliated Hospital of Nantong Medical University (Nantong, China) and cut into 2--3 mm^3^ sections in antibiotic-containing DMEM supplemented with 20% FBS. The tumor sections were implanted into subcutaneous pockets of the mice, which were made in each side of the lower back. Before the surgery, all mice were anesthetized by intramuscular injection of a ketamine mixture (0.02 ml solution of 20 mg/kg ketamine, 15.2 mg/kg xylazine and 0.48 mg/kg acepromazine maleate). Approximately four weeks after implantation when the implanted tumors had reached 100--200 mm^3^, they were denoted as F1 samples and were divided into sections for passaging *in vivo* to make F2 ×enograft tumors. When the implanted F2 tumors had reached a size of 100--200 mm^3^, they were collected and cut into 2- to 3-mm^3^ sized sections and implanted into the subcutaneous layer to make F3 tumor samples. When the F3 tumors had reached 100--200 mm^3^, a total of 40 mice were randomly divided into 5 groups with 8 mice per group. The groups were injected once a week with stroke-physiology saline solution (control), control lentivirus (vector), CtBP1-shRNA lentivector, SOX2-shRNA lentivector or CtBP1-shRNA combined with SOX2-shRNA lentivector. The titer of the lentivector was 1×10^8^ PFU/ml, and the dose for every mouse was 100 µl. The injection method was a multi-point injection around the tumor tissue. Subsequently, tumor diameters were serially measured every 5 days using a digital caliper, and tumor volumes were calculated using the following formula: V=(LxW^2^)/2, where V is the volume, L is the length and W is the width. The mice were monitored daily for health and weighed twice weekly. The endpoint of the experiment was when tumor size in the control mice became \~1.0 cm or when mice appeared moribund. Thirty-five mice were euthanized by CO~2~ asphyxiation and the tumors were harvested on day 25 following first injection. Five mice were monitored for death and were euthanized by CO~2~ asphyxiation when they appeared moribund.

### Statistical analysis

Statistical analysis was carried out using the SPSS version 17 (SPSS, Inc., Chicago, IL, USA). Pearson\'s chi-squared test was used to analyze the correlation of CtBP1 expression with clinicopathological variables. Kaplan-Meier method was used to perform survival analysis and evaluate the differences between survival curves by log-rank test. The experimental results *in vitro* and *in vivo* were recorded as the mean ± standard deviation (SD). The Student\'s t-test was used to analyze differences between groups. For comparisons between multiple groups, one-way analysis of variance (ANOVA) was performed, followed by Student-Neuman-Keuls (SNK) tests in order to achieve means separation. Differences were considered statistically significant at P\<0.05.

Results
=======

### CtBP1 expression is significantly upregulated in lung cancer tissues of patients with lymph node metastasis

The characteristics of the enrolled patients are described in [Table I](#tI-or-42-01-0067){ref-type="table"}. A total of 275 lung adenocarcinoma samples were collected from 139 female and 136 male patients. The mean age of the patients was 59.56 years (range, 37--82 years). Patients were divided into two groups according to the results of lymph node pathology testing: a lymph node metastasis group (n=129) and a group without lymph node metastasis (n=146). There was no significant difference in the age or sex representation between the two groups. Immunohistochemical staining of tumor tissues showed a significant difference in the CtBP1expression level between the two groups ([Fig. 1](#f1-or-42-01-0067){ref-type="fig"} and [Table II](#tII-or-42-01-0067){ref-type="table"}). On this basis, patients were divided into a CtBP1 high expression group (n=150) and a CtBP1 low expression group (n=125). There was no significant difference in the age or sex representation between the two groups. However, the results revealed that a high expression of CtBP1-positive cells was correlated with lymph node metastasis (P\<0.01; [Table II](#tII-or-42-01-0067){ref-type="table"}).

### High expression of CtBP1 is associated with poor clinical outcomes in lung adenocarcinoma patients

To investigate the clinical significance of CtBP1 expression in lung tumor cells, we first investigated the association between CtBP1 expression and the prognostic outcomes in lung adenocarcinoma patients. Survival analysis using the Kaplan-Meier method showed that patients exhibiting a high expression level of CtBP1 had a shorter survival time than that of patients exhibiting low CtBP1 expression, when all lung adenocarcinoma patients were considered (n=275, P\<0.001; [Fig. 2](#f2-or-42-01-0067){ref-type="fig"}). We further investigated the relationship between CtBP1 expression and the clinical disease parameters and found that the level of CtBP1 expression was correlated with tumor size (n=275, P\<0.001), tumor differentiation (n=275, P\<0.001), TNM stage (n=275, P\<0.001) and lymph node metastasis (n=275, P\<0.001) of lung adenocarcinoma patients ([Table III](#tIII-or-42-01-0067){ref-type="table"}).

### CtBP1 knockdown inhibits lung adenocarcinoma cell proliferation, migration and invasion in vitro

To investigate the role of CtBP1 in lung adenocarcinoma progression, we inhibited endogenous CtBP1 expression by inserting shRNA into A549 lung adenocarcinoma cells. Western blotting confirmed that CtBP1-specific shRNA significantly inhibited CtBP1 expression ([Fig. 3A](#f3-or-42-01-0067){ref-type="fig"}). We then examined the effects of CtBP1 shRNA on A549 cell proliferation, migration and invasion *in vitro*. Cells transfected with the scramble control shRNA (scramble) or CtBP1 shRNA (shRNA) were cultured for various durations as indicated in [Fig. 3B](#f3-or-42-01-0067){ref-type="fig"}, and cell proliferation was determined by MTT assay. The results demonstrated that CtBP1 shRNA inhibited cell growth in a time-dependent manner, which began 48 h after transfection (P\<0.05 at 48 h, P\<0.01 at 72 and 96 h; [Fig. 3B](#f3-or-42-01-0067){ref-type="fig"}). To determine whether the growth-inhibitory effects of CtBP1 shRNA results from cell death, we assessed cell apoptosis by flow cytometry. As shown in [Fig. 3C](#f3-or-42-01-0067){ref-type="fig"}, the proportion of apoptotic cells in the control shRNA (scramble) or CtBP1 shRNA transfected A549 cells was 5.07 and 21.24%, respectively, suggesting that the observed decrease in the number of cells upon CtBP1 shRNA transfection was indeed caused by cell death (P=0.01). We further investigated the effect of CtBP1 expression on lung adenocarcinoma cell metastasis. The wound closure assay showed that the migration rate was decreased in cells transfected with CtBP1 shRNA, as compared with cells transfected with scramble control shRNA (P=0.001; [Fig. 3D](#f3-or-42-01-0067){ref-type="fig"}). The Boyden chamber invasion assay with Matrigel-coated polycarbonate membranes revealed that CtBP1 knockdown resulted in the inhibition of A549 cell invasion (P\<0.001; [Fig. 3E](#f3-or-42-01-0067){ref-type="fig"}). These data indicate that CtBP1 serves as a tumor promoter by promoting cell proliferation, migration and invasion in lung adenocarcinoma.

### CtBP1 knockdown inhibits tumorigenic growth in a lung PDTX mouse model

To investigate the effect of CtBP1 knockdown on the inhibition of tumor growth *in vivo*, nu/nu mice were implanted with different types of patient lung tumors and assigned to three groups which were injected with stroke-physiology saline solution (Control), empty vector (Vector), or CtBP1-shRNA lentivector (CtBP1). As shown in [Fig. 4A and B](#f4-or-42-01-0067){ref-type="fig"}, the tumor volume was significantly smaller in the CtBP1-knockdown group compared with the vector control group (n=4, P\<0.01). The mean tumor weight was lower in nude mice injected with CtBP1-shRNA lentivector than in vector control mice (n=4, P\<0.01; [Fig. 4C and D](#f4-or-42-01-0067){ref-type="fig"}). These results suggest that CtBP1 knockdown significantly suppressed tumorigenic growth *in vivo*.

### CtBP1 regulates the biological behavior of lung adenocarcinoma cells by interacting with SOX2

To further explore the molecular mechanisms by which CtBP1 affects cell proliferation, migration and invasion in lung adenocarcinoma, we focused our investigations on the transcription factor SOX2 as aberrant SOX2 expression has previously been reported to be involved in lung cancer pathogenesis. As shown in [Fig. 5A](#f5-or-42-01-0067){ref-type="fig"}, SOX2 was found to be significantly upregulated in lung adenocarcinoma tissues of patients with lymph node metastasis. Co-immunoprecipitation experiments identified an interaction between endogenous CtBP1 and SOX2 ([Fig. 5B](#f5-or-42-01-0067){ref-type="fig"}). To determine whether CtBP1 and SOX2 regulate cell proliferation, migration and invasion through the same functional pathway, SOX2 was depleted in CtBP1-overexpressed A549 cells. As shown in [Fig. 5C](#f5-or-42-01-0067){ref-type="fig"}, SOX2-specific shRNA significantly inhibited SOX2 expression in the CtBP1-overexpressed A549 cells. Overexpression of CtBP1 in A549 cells led to a significant increase in cell proliferation (P\<0.01), migration (P\<0.01) and invasion (P\<0.01). SOX2 depletion in the CtBP1-overexpressed A549 cells resulted in the inhibition of cell proliferation (P\<0.01), migration (P\<0.01) and invasion (P\<0.01, [Fig. 5D-F](#f5-or-42-01-0067){ref-type="fig"}). These results indicate that CtBP1 likely exerts its effects on cell proliferation, migration and invasion through interacting with SOX2. To confirm this, CtBP1 and SOX2 were depleted individually or in combination using shRNA, following which cell proliferation, migration and invasion were analyzed. The effect of CtBP1 and SOX2 depletion individually resulted in the inhibition of cell proliferation ([Fig. 6A](#f6-or-42-01-0067){ref-type="fig"}, P\<0.01), migration ([Fig. 6B](#f6-or-42-01-0067){ref-type="fig"}, P\<0.01) and invasion ([Fig. 6C](#f6-or-42-01-0067){ref-type="fig"}, P\<0.01) ([Fig. 6A-C](#f6-or-42-01-0067){ref-type="fig"}). Notably, further abrogation of cell proliferation ([Fig. 6A](#f6-or-42-01-0067){ref-type="fig"}, P\<0.01), migration ([Fig. 6B](#f6-or-42-01-0067){ref-type="fig"}, P\<0.01) and invasion ([Fig. 6C](#f6-or-42-01-0067){ref-type="fig"}, P\<0.01) were observed with the simultaneous knockdown of both CtBP1 and SOX2. We also investigate the effect of CtBP1 and SOX2 knockdown on the inhibition of tumor growth *in vivo*. Our results showed that tumor volume (n=4, P\<0.01) and mean weight (n=4, P\<0.01) were reduced in the CtBP1-knockdown and SOX2-knockdown groups compared with the control group ([Fig. 7](#f7-or-42-01-0067){ref-type="fig"}). A significant reduction in tumor volume (n=4, P\<0.01) and mean weight (n=4, P\<0.01) was also identified in the combined CtBP1 and SOX2 knockdown group compared with the individual CtBP1 or SOX2 knockdown groups ([Fig. 7](#f7-or-42-01-0067){ref-type="fig"}).

### Prognostic prediction using expression of CtBP1 and SOX2

Given the implicated role of CtBP1and SOX2 in cellular proliferation, migration and invasion, and given that CtBP1and SOX2 were observed to be significantly upregulated in lung adenocarcinoma tissues, we examined whether CtBP1 and SOX2 could be used as a combined prognostic biomarker for lung adenocarcinoma. We divided the patients into three subgroups according to the expression of CtBP1 and SOX2 in their lung tumor tissues: Group A=CtBP1^high^/SOX2^high^ (n=126); Group B=CtBP1^low^/SOX2^low^ (n=104); Group C=CtBP1^high^/SOX2^low^ or CtBP1^low^/SOX2^high^ (n=45). Kaplan-Meier survival curves were generated for each group. The results showed that patients whose tumor tissues exhibited high expression of CtBP1 and SOX2 (Group A) had significantly shorter overall survival (OS) than patients with low expression of these transcripts (Group B, P\<0.001) or those with high expression of either one of these transcripts (Group C, P=0.002). In addition, Group C exhibited a shorter OS (P\<0.001) than Group B ([Fig. 8](#f8-or-42-01-0067){ref-type="fig"}).

Discussion
==========

Previous studies have observed that carboxyl-terminal binding protein 1 (CtBP1) is highly expressed in several malignant tumors, such as breast, glioma and prostate tumors, and it was found to play a role in cancer development ([@b5-or-42-01-0067],[@b6-or-42-01-0067],[@b9-or-42-01-0067],[@b10-or-42-01-0067]). However, the expression pattern and biological functions of CtBP1 in lung adenocarcinoma remain largely unknown. The present study aimed to address this by examining the expression patterns of CtBP1 in lung adenocarcinoma tissues, its correlation to clinicopathological features, and its effects on the malignant behavior of lung cancer cells. As such, it represents the first investigation of the clinical significance of CtBP1 expression in lung adenocarcinoma patients. Using IHC, we found that CtBP1 was upregulated in lung adenocarcinoma patients with lymph node metastasis. Moreover, CtBP1 expression was strongly associated with tumor differentiation, size and with poor overall survival of lung adenocarcinoma patients. These data suggest that CtBP1 may act as an oncogene in lung adenocarcinoma, consistent with previous observations for several other types of malignant tumor, such as breast, glioma and prostate tumors ([@b6-or-42-01-0067],[@b9-or-42-01-0067],[@b10-or-42-01-0067]).

We then investigated how the expression of CtBP1 affects the malignant behaviors of lung adenocarcinoma cells (tumor cell proliferation, migration and invasion), which are central to the progression of lung adenocarcinoma. Previous studies have demonstrated a correlation between CtBP1 expression and cell proliferation, migration and invasion in several cancer cell lines, and have implicated this correlation in cancer progression ([@b6-or-42-01-0067],[@b8-or-42-01-0067],[@b10-or-42-01-0067]). In the present study, we employed shRNA to knock down the CtBP1 gene in A549 cells, a human lung adenocarcinoma cell line known to highly express the CtBP1 protein. Cell survival analysis showed that when CtBP1 expression was suppressed, A549 cell viability was decreased and apoptosis was increased. In addition, silencing of CtBP1 reduced the migration and invasion capacity of lung adenocarcinoma cells, as evidenced by the findings of the wound-healing and Transwell assays. These results indicated that CtBP1 expression is essential for lung adenocarcinoma cell proliferation, migration and invasion. To the best of our knowledge, this is the first report of the inhibition of adenocarcinoma cell proliferation, migration and invasion by CtBP1. Previous studies involving other cancers have revealed that the inhibition of CtBP1 reduces the migratory and invasive behaviors of cancer cells via upregulating expression of the epithelial adhesion molecule E-cadherin ([@b6-or-42-01-0067],[@b10-or-42-01-0067]--[@b12-or-42-01-0067]). Importantly, restoration of E-cadherin expression in cancer cells has been shown to inhibit cell growth, migration and invasion ([@b13-or-42-01-0067],[@b14-or-42-01-0067]). Whether the restoration of E-cadherin expression is a consequence of CtBP1 knockdown and is a mechanism by which CtBP1 inhibits lung adenocarcinoma cell proliferation, migration and invasion is unknown, but warrants further research.

Further study of the possible mechanisms involved in the inhibition of lung adenocarcinoma cell proliferation, migration and invasion induced by CtBP1 silencing, suggested that SOX2 was involved. We focused our investigations on SOX2 as it has been previously implicated as having an oncogenic role in multiple cancers, including lung adenocarcinoma ([@b15-or-42-01-0067]--[@b18-or-42-01-0067]). Consistent with those studies, it was found that SOX2 expression was elevated in lung adenocarcinoma tissues of patients with lymph node metastasis. Our results also suggested that CtBP1 interacts with SOX2. Moreover, we observed that SOX2 depletion in CtBP1-overexpressing lung adenocarcinoma cells resulted in the inhibition of cell proliferation, migration and invasion. In addition, we also observed that combined knockdown of CtBP1 and SOX2 not only further suppressed proliferation, migration and invasion of lung adenocarcinoma cells *in vitro*, but also tumor growth *in vivo*. While the mechanism of interaction between CtBP1 and SOX2 is not yet clear, our data strongly suggest that CtBP1 regulates the biological behavior of lung adenocarcinoma cells by interacting with SOX2.

Since our data showed that a higher level of expression of CtBP1 was correlated with poor OS in lung adenocarcinoma, and previous studies demonstrated that overexpression of SOX2 in lung adenocarcinoma was associated with a poor outcome ([@b19-or-42-01-0067]), we investigated whether these two transcripts could be used together as prognostic biomarkers for lung adenocarcinoma. Our results revealed that a high expression of both CtBP1 and SOX2 was correlated with a poor OS. Based on this, we propose that CtBP1 and SOX2 could be developed as useful prognostic biomarkers and also used as new targets for lung adenocarcinoma treatments.

In conclusion, the present study demonstrated, for the first time, that CtBP1 expression was significantly elevated in lung adenocarcinoma patients with lymph node metastasis, and was correlated with more severe clinical characteristics and a poorer prognosis. We also showed that CtBP1 promoted the proliferation, migration and invasion of lung adenocarcinoma cells via interaction with SOX2. Moreover, based on the strong relationship between CtBP1 and SOX2 expression and patient survival, we propose that these transcripts may be used as prognostic biomarkers for lung adenocarcinoma and as targets for a new therapeutic strategy to treat the disease. However, further studies are required to explore the mechanism of interaction between CtBP1 and SOX2.
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![Overall survival curve according to CtBP1 expression in 275 lung adenocarcinoma patients. Kaplan-Meier method was used to estimate overall survival. P-value was obtained by log-rank test. CtBP1, carboxyl-terminal binding protein 1.](OR-42-01-0067-g01){#f2-or-42-01-0067}

![CtBP1 knockdown suppresses A549 adenocarcinoma cell proliferation, migration and invasion *in vitro*. (A) CtBP1 expression in A549 cells after transfection with CtBP1 shRNA (shRNA), scramble control shRNA (scramble) or neither (control) was measured by western blot analysis; β-actin served as a loading control. (B) The effect of CtBP1 shRNA on A549 cell growth. A549 cells transiently transfected with CtBP1 shRNA (shRNA), or scramble control shRNA (scramble) were cultured for the indicated times. Cell proliferation was measured by the MTT assay. (C) Flow cytometric analysis of A549 cells transfected with CtBP1 shRNA (shRNA), or scramble control shRNA (scramble). The percentage of apoptosis is the graph on the right. (D) A scratch wound assay was used to examine the effect of CtBP1 shRNA on A549 cell migration. (E) Transwell assays were performed to investigate the invasive ability of A549 cells in which CtBP1 was suppressed. \*P\<0.05, \*\*P\<0.01 vs. scramble control. CtBP1, carboxyl-terminal binding protein 1.](OR-42-01-0067-g02){#f3-or-42-01-0067}

![The inhibitory effect of CtBP1 knockdown on *in vivo* tumor growth in a lung PDTX mouse model. (A) Representative images of lung tumors from nude mice that received injections of stroke-physiology saline solution (control), control lentivirus (vector), or CtBP1-shRNA lentivector (CtBP1). (B) Tumor volumes were measured after injection every 5 days for a period of 25 days. Error bar represents SD (n=4). (C) Representative cross-sections of excised subcutaneous tumors from the control, vector and CtBP1 groups. (D) Tumor weights in the control, vector and CtBP1 groups were determined on day 25. Error bar represents SD (n=4). \*\*P\<0.01 vs. empty vector. CtBP1, carboxyl-terminal binding protein 1; PDTX, patient-derived tumor xenograft.](OR-42-01-0067-g03){#f4-or-42-01-0067}

![CtBP1 regulates the biological behavior of cells by interacting with SOX2. (A) Representative immunohistochemical staining for SOX2 in lung adenocarcinoma tissues (a) with lymph node metastasis, and (b) without lymph node metastasis. (B) CtBP1 interacts with SOX2 in A549 cells. Co-immunoprecipitation experiments were performed using A549 cell lysates. (C) CtBP1 and SOX2 expression in A549 cells after transfection with pcDNA 3.1(+) empty vector and scramble control shRNA (Control), CtBP1-overespressed plasmid (CtBP1) and CtBP1-overexpressed plasmid combined with SOX2 shRNA (CtBP1+shSOX2) was determined by western blot analysis; β-actin served as a loading control. (D) Effect of SOX2 shRNA on cell growth of CtBP-overexpressed cells was measured by MTT assay. (E) The effect of SOX2 shRNA on migration of CtBP-overexpressed cells was evaluated by scratch wound assay. (F) The effect of SOX2 shRNA on invasion of CtBP-overexpressed cells was measured by Transwell assay. \*\*P\<0.01 vs. control; ^\#^P\<0.05, ^\#\#^P\<0.01 vs. CtBP1+shSOX2. CtBP1, carboxyl-terminal binding protein 1.](OR-42-01-0067-g04){#f5-or-42-01-0067}

![Effects of CtBP1 shRNA combined with SOX2 shRNA on cell growth, migration and invasion of A549 cells. After transfection with scramble control shRNA (Control), CtBP1 shRNA (shCtBP1), SOX2 shRNA (shSOX2), or CtBP1 shRNA combined with SOX2 shRNA (shCtBP1+ shSOX2), the cell growth, migration and invasion of A549 cells were determined by MTT assay (A), scratch wound assay (B) and Transwell assay (C), respectively. Magnification, ×400. \*\*P\<0.01 vs. control; ^\#\#^P\<0.01 vs. shCtBP1+shSOX2 group. CtBP1, carboxyl-terminal binding protein 1.](OR-42-01-0067-g05){#f6-or-42-01-0067}

![Effects of CtBP1 and SOX2 knockdown on *in vivo* tumor growth in a lung PDTX mouse model. (A) Representative images of lung tumor from nude mice that received injections of control lentivirus (control), or SOX2-shRNA lentivector (shSOX2), CtBP1-shRNA lentivector (shCtBP1), or SOX2-shRNA and CtBP1-shRNA in combination (shSOX2+shCtBP1). (B) Tumor volumes were measured after injection every 5 days for a period of 25 days. Error bar represents SD (n=4). (C) Representative cross-sections of excised subcutaneous tumors from the control, shSOX2, shCtBP1 and shSOX2+shCtBP1 groups. Magnification, ×400. (D) Tumor weights in the control, vector and CtBP1 groups were determined on day 25. Error bar represents SD (n=4). \*\*P\<0.01 vs. control; ^\#\#^P\<0.01 vs. shCtBP1+ shSOX2. PDTX, patient-derived tumor xenograft; CtBP1, carboxyl-terminal binding protein 1.](OR-42-01-0067-g06){#f7-or-42-01-0067}

![Kaplan-Meier curves of overall survival for lung adenocarcinoma patients based on CtBP1 and SOX2 expression in tumor tissues. Group A, CtBP1^high^/SOX2^high^ (n=126); Group B, CtBP1^low^/SOX2^low^ (n=104); Group C, CtBP1^high^/SOX2^low^ or CtBP1^low^/SOX2^high^ (n=45).](OR-42-01-0067-g07){#f8-or-42-01-0067}

###### 

Characteristics of the lung cancer patients.

  Characteristics                              Data n (%)
  -------------------------------------------- ----------------
  Total patients                               275 (100)
  Patient sex                                  
    Male                                       136 (49.5)
    Female                                     139 (50.5
  Age at start of trial (years) mean (range)   59.56 (37--82)
  Lymph node biopsy                            
    Metastasis (+)                             129 (46.91)
    Metastasis (−)                             146 (53.09)
  CtBP1 expression level                       
    High                                       150 (54.5)
    Low                                        125 (45.5)

CtBP1, carboxyl-terminal binding protein 1.

###### 

Correlation between CtBP1 expression level and lymph node metastasis of the lung cancer patients.

          Lymph node metastasis          Pearson χ^2^ test            
  ------- ----------------------- ------ ------------------- -------- --------------------------------------------------------
  High      45                    111    156                 85.088   \<0.001^[a](#tfn3-or-42-01-0067){ref-type="table-fn"}^
  Low     101                       18   119                          
  Total   146                     129    275                          

Statistical analyses were performed by Pearson χ^2^ test.

P\<0.05 was considered significant. CtBP1, carboxyl-terminal binding protein 1.

###### 

Correlation between CtBP1 expression and clinicopathological features of the lung adenocarcinoma patients.

                                CTBP1 expression   Pearson χ^2^ test             
  ----------------------- ----- ------------------ ------------------- --------- --------------------------------------------------------
  Sex                                                                  0.082     0.775
    Male                  136   63                 73                            
    Female                129   62                 77                            
  Age (years)                                                          0.738     0.390
    \<60                  142   61                 81                            
    ≥60                   133   64                 69                            
  Smoking history                                                      1.388     0.239
    No                    245   103                142                           
    Yes                   30    16                 14                            
  Size (cm)                                                            10.064    0.002^[a](#tfn5-or-42-01-0067){ref-type="table-fn"}^
    \<3                   177   93                 84                            
    ≥3                    98    32                 66                            
  Differentiation                                                      71.06     \<0.001^[a](#tfn5-or-42-01-0067){ref-type="table-fn"}^
    Well                  33    31                 2                             
    Moderate              126   72                 54                            
    Poor                  116   22                 94                            
  TNM stage                                                            103.201   \<0.001^[a](#tfn5-or-42-01-0067){ref-type="table-fn"}^
    I                     134   102                32                            
    II                    63    16                 47                            
    III                   70    7                  63                            
    IV                    8     0                  8                             
  Lymph node metastasis                                                98.316    \<0.001^[a](#tfn5-or-42-01-0067){ref-type="table-fn"}^
    N0                    146   107                39                            
    N1                    58    11                 47                            
    N2                    71    7                  64                            

Statistical analyses were performed by the Pearson χ^2^ test.

P\<0.05 was considered significant. CtBP1, carboxyl-terminal binding protein 1.
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